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earliest recorded electrical activity originated in subendocardial Purkinje fibers which had survived the acute myocardial infarction. The origin of these arrhythmias was further studied by pacing through the electrode which had recorded the early Purkinje activity and comparing the surface ECG and activation sequence with that of the spontaneous rhythm. These data tend to support the hypothesis that ventricular arrhythmias occurring hours following acute myocardial infarction have their origin in the subendocardial Purkinje network which has survived the infarction.
these cells. Scherlag et al. ' 0 have in addition suggested that some of these ectopic depolarizations are initiated in infarcted epicardial muscle. The present study, employing epicardial mapping techniques and bipolar electrode recordings from Purkinje fibers and the left bundle branch, verifies the origin of the experimentally induced accelerated idioventricular rhythm in the Purkinje network surviving the acute myocardial infarction.
Methods
Twelve healthy mongrel dogs weighing 10-15 kg were employed in these experiments. They were anesttetized with intravenous sodium pentobarbital (30 mg/kg) and ventilated with room air through a pharyngotracheal tube by a Harvard pump. The chest was opened through a small left thoracotomy in the fourth interspace and the pericardium was opened. The left anterior descending coronary artery was occluded by the Harris 2-stage procedure5 3-7 mm from the border of the left atrial appendage. The chest was closed and the animal was allowed to recover. Preoperative and [4] [5] [6] hour postoperative electrocardiograms were obtained.
Twenty-four hours following the initial procedure the animals were reanesthetized with morphine (2.5 mg/kg) and sodium pentobarbital (10 mg/kg) and ventilated with room air through a tracheostomy by a positive pressure ventilator at a minute volume determined from a body weight nomogram. Body temperature was maintained at 101-102°F by a thermal mattress. The chest was opened in the fifth left interspace and the heart was suspended in a pericardial sling. Standard electrocardiographic leads were monitored. A bipolar catheter electrode was inserted via the right femoral or internal jugular vein and placed in the right atrium to record the His bundle electrogram (HBE).
Because of the constraints of the mapping procedure, it was necessary to establish a unifocal ventricular tachycardia (UVT) or stable pattern of unifocal ectopic ventricular depolarizations in the animals in this study. If stable UVT was not initially present a stable pattern of unifocal ectopic depolarizations was established by pacing the heart through an atrial electrode at the sinus rate and crushing the sinus node. A sequence of 3-10 supraventricular beats followed by a pause was established with a digitally pro-grammed stimulator.* The escape ectopic ventricular beat was used for mapping. Fusion beats were commonly observed. Measurements for mapping were made only from beats which were clearly ventricular in origin. 15 plunge electrode recordings were obtained in the early activated area to locate and map the earliest Purkinje activation. The interval between the earliest recorded Purkinje fiber and the earliest site of epicardial activation was determined by subtracting the interval between these locations and the stable reference electrogram. The site of earliest ectopic activity was verified by electrically pacing the subendocardium through the electrode used to record the earliest Purkinje fiber" depolarization. It was then determined whether the resulting paced ventricular rhythm was comparable to the endogenous rhythm in morphology and activation sequence. All data were stored on magnetic tape with a Honeywell 5600 C tape recorder at 71/2 inches per second.
At the termination of physiologic studies, the heart with electrodes in place was removed and the left ventricle opened to confirm the location of the electrodes. The Purkinje system and bundle branches were stained with 2% tincture of iodine to confirm the location of the electrode in the left bun- Figure 2 demonstrates the epicardial activation sequence in another dog 24 hours after acute myocardial infarction. The electrocardiogram reveals a unifocal ventricular tachycardia at a rate of 182 beats/min. The QRS morphology is a monophasic R wave and the earliest site of left ventricular epicardial activation (solid black area) is located anterior and superiorly along the border of the infarct; this contrasts with figure 1, in which the electrocardiographic QS pattern was associated with a more inferior and posterior site of origin. Also in contrast to the late right ventricular activation in figure 1 , the earliest site of right ventricular activation in figure 2 was only 11 msec following the onset of left ventricular epicardial activation. The duration of left ventricular epicardial activation in figure 2 was 72 msec (termination of LV activation not shown).
In eight of the 12 animals, ventricular activation maps were similar to that shown in figure 1 , that is, a posterior and inferior early site associated with the QS pattern on the ECG. Two dogs developed a monophasic R wave ventricular tachycardia similar to that shown in figure 2, and the remaining two dogs each demonstrated two different elec-trocardiographic patterns of ventricular tachycardia. In each animal, the two different patterns were associated with different sites of earliest ventricular activation. Figure 3 demonstrates the activation sequences of one dog during two different episodes of spontaneous ventricular tachycardia. The electrocardiogram in figure 3A reveals a tachycardia with a QS morphology at a rate of 204 beats/min and the corresponding map shows the inferoposterior epicardial breakthrough. In figure 3B , a tachycardia at a rate of 195 beats/min with the monophasic R wave morphology is associated with the anterior, proximal epicardial site. The electrocardiographic patterns alternated between these two patterns over a two-hour period; epicardial maps were obtained twice for each pattern and the same early site was identified both times for each pattern.
The site of earliest epicardial activation in 14 depolarization. In those animals in which the earliest activation was recorded in the anterosuperior LV, the RV activation preceded the His potential by 2-12 (avg 10) msec. Conversely, in the other animals in which earliest activation was recorded posteroinferiorly, the RV activation followed the His depolarization by 28-40 (avg 32) msec. Right ventricular activation never preceded left bundle branch depolarization.
Following determination of the site of earliest epicardial activation, bipolar recordings from the left bundle branch at its bifurcation and the distal subendocardium of the left ventricle were made. Subendocardial recordings were obtained within the infarct and along the border zone, especially in the area of earliest epicardial activation. A representative recording from these sites during a sinus beat displayed at a rapid speed is shown in figure 4 . The sequence of activation during sinus rhythm is shown in recordings from the bundle of His (HBE), left bundle branch (LBE), anterior wall subendocardial Purkinje fibers (PF, and PFb) and left ventricular free wall intramural electrode (REF). During sinus rhythm or supraventricular overdrive pacing, the LBB potential followed the His bundle potential and preceded the onset of the surface electrocardiogram as well as left ventricular Purkinje fiber activity. The Purkinje fiber labelled PFi was located 1 cm within the infarcted zone whereas the one labelled PFb was in the border zone.
The activation sequence during a spontaneous ectopic Vol figure 6A were recorded during unifocal ventricular tachycardia and the electrograms represent a single complex at rapid sweep. Again note that the earliest left ventricular activity is the Purkinje fiber in the subendocardium of the infarct (PF1)
shown in the third record. The His bundle and left bundle branch shown in the first and second records are activated in a retrograde sequence. Depolarization of the Purkinje fiber in the peri-infarction zone at the site of earliest epicardial activation (fourth record) and the reference electrogram (fifth record) are activated later than the Purkinje fiber in the infarct zone (PFi).
In each animal studied, the earliest recorded ventricular activity in either an ectopic ventricular depolarization or ventricular tachycardia originated in a left ventricular subendocardial Purkinje fiber in the area of the acute myocardial infarction. This depolarization always preceded the activity in the left bundle branch and the earliest activity in the viable myocardium bordering the infarct.
To further document that these early Purkinje fibers were the site of origin of the ventricular arrhythmias, the ventricles were paced through the electrode which had recorded the early Purkinje fiber within the infarct. Figure 6 demonstrates the data recorded during one such experiment. The electrocardiogram in 6A was recorded during spontaneous ventricular tachycardia. In figure 6B the ventricles were paced from the early Purkinje fiber site in the subendocardial layer of the infarct zone. The first and second records show the His bundle electrogram (HBE) and left bundle electrogram (LBE), respectively. The third record is deleted because the electrode was being used for pacing. The A HBE -hreference intramyocardial electrogram and electrocardiogram are in the fifth and sixth records. Note that the configuration of the QRS complex and the sequence of activation are almost identical to that occurring spontaneously. In order to exclude the possibility that pacing from any subendocardial site within the infarct might result in a similar electrocardiographic pattern, the ventricles were paced from several sites within the infarct. Figure 7 demonstrates the alteration in QRS configuration that resulted when stimulation was applied at various subendocardial sites within the infarct. The electrocardiogram displayed below the heart was recorded during spontaneous ventricular tachycardia. The earliest recorded Purkinje fiber during this rhythm was located at site 3. The electrocardiograms at the right were obtained during pacing from each of the three sites to which the tracing are connected by the solid lines. Note that pacing through the electrode at site 3 resulted in a ventricular complex which appears almost identical to the spontaneous one; however, when stimulation was applied to the cephalad portion of the infarcted zone (clear area) the QRS morphology was markedly different. A stimulation site between these sites produced an intermediate biphasic complex. Movement of 10 to 15 mm of the pacing electrode in these infarcted hearts produced readily perceptible alterations in the surface QRS morphology. basis of epicardial and intramural recordings and histologic studies Harris5 suggested that this delayed ectopic activity arose in the peri-infarction or boundary zone in which he included: I) the circumferential tissue surrounding the infarct extending from endocardium to epicardium, 2) a layer between the necrotic muscle and the epicardial surface, and 3) a thin layer of subendocardial tissue. Recent evidence has suggested that these arrhythmias arise more specifically from the Purkinje fibers underlying the myocardial infarction.6-10 Friedman et al. 6' 8, I and Scherlag and coworkers7' I0 using microelectrode techniques have demonstrated the markedly abnormal electrophysiologic and potentially arrhythmogenic characteristics of cells from the infarct zone studied immediately following rapid excision from the in situ heart. Furthermore, in in vivo studies, these investigators have recorded depolarization of Purkinje fibers in the infarcted area prior to the onset of the QRS complex during ectopic beats. However, in these studies earlier activation of Purkinje fibers in the peri-infarction zone or more proximal bundle branch system were not excluded. In addition, use of the surface electrocardiogram may not accurately assess the onset of ventricular activation. Our experiments confirm that ectopic ventricular arrhythmias arising 24 to 48 hours after experimental myocardial infarction originate in subendocardial Purkinje fibers surviving in the area of ischemia. The Purkinje fiber depolarization recorded from the subendocardium of the infarct zone precedes the activation of the left bundle branch and the His bundle thus excluding supraventricular or proximal bundle branch sites as the origin of these arrhythmias. Similarly the infarct zone Purkinje fibers activation precedes depolarization of Purkinje fibers located in the border zone as well as the viable ventricular muscle. This finding excludes the latter as the site of origin of the arrhythmias. Thus the earliest activation occurs within the Purkinje FIGURE 7 The effect of varying stimulation sites within the infarct zone on the QRS morphology of the ventricular rhythm. The posterior view of the left ventricle indicates the viable myocardium (stippled area), infarcted area (clear area) and the three sites at which stimulation was applied to the subendocardial surface of the left ventricle (numbered solid circles). The ECG shown below the heart was recorded during spontaneous VT. The tracings to the right were recorded during pacing from the sites each is attached to by a solid line. During the spontaneous VT, the earliest site of epicardial activation (solid black area) was located near the site of the earliest occurring PF, (site 3). Note that pacing from this site produces a ventricular rhythm almost identical to that occurring spontaneously.
network underlying the acute infarct. The earliest electrogram recorded from the left ventricular Purkinje network in these experiments was not necessarily recorded from the Purkinje fiber in which the arrhythmia originated; actually it may merely have been close to it. Nevertheless, since the Purkinje fiber within the infarct which was recorded was depolarized prior to either the more proximal or distal ventricular specialized conduction system (VSCS) or the ventricular muscle, the tachyarrhythmia must have originated from some fiber within this portion of the Purkinje system underlying the infarct.
It appears that the depolarization wave usually exits into the left ventricle before activating the right ventricle despite the fact that the infarct borders the right ventricle along the length of the interventricular septum and free edge of the right ventricle. Delayed activation of the right ventricle probably occurs because no Purkinje fibers cross the septum connecting the left and right ventricular Purkinje networks. Right ventricular activation would thus have to occur 1) by retrograde conduction over the left bundle branch to the bifurcation of the His bundle followed by antegrade conduction down the right bundle branch or 2) via transseptal muscle conduction. Our data suggest that transseptal conduction activates the right ventricle when the earliest site of LV depolarization is located anteriorly near the summit of the interventricular septum and bifurcation of the A-V conduction system. On the other hand, when LV activation begins inferoposteriorly, right ventricular activation is delayed and follows the His, suggesting that the RV is activated via the ventricular specialized conduction system; however, RV activation by both routes is not excluded by our data. In a similar situation involving excitation initiated in the left ventricle, Van Dam and Jansel5 have shown that slow transseptal conduction causing delayed right ventricular activation occurs during complete right bundle branch block in dog and man. In addition, there is minimal participation of the His-Purkinje system in interventricular activation of the contralateral ventricle in this situation.
Scherlag and colleagues have reported epicardial depolarization in the infarcted tissue which preceded Purkinje activation and thus have suggested that some of the arrhythmias may originate in infarcted myocardium. We were unable to record epicardial, intramyocardial, or subendocardial ventricular muscle activation of the type associated with local electrical activity (i.e., rapid deflection, short duration complexes) within the borders of the infarcted tissue nor were we able to record myocardial or epicardial activity in the surrounding peri-infarction zone which preceded the Purkinje activity within the infarct. Our data in this regard are in substantial agreement with those of Friedman et al.6 who were unable to document intramyocardial electrical activity or early epicardial activation.
Several lines of evidence suggest that surviving Purkinje fibers in the infarct zone participate in the initiation of ventricular arrhythmias in man following acute myocardial infarction. Although Purkinje fiber activity in the area of infarction has not been recorded in human hearts, several authors have reported histologic and electronmicrographic evidence suggesting survival of Purkinje fibers after human myocardial infarction.'6' 17 Furthermore, evidence from epicardial activation studies in man and experimental animals after myocardial infarction suggest that these Purkinje fibers survive functionally as well."', 18 An arrhythmia similar in many respects to that studied in this report occurs commonly in the first few days following acute myocardial infarction in man. 19 Although the present study did not address itself directly to the electrophysiologic mechanism responsible for these arrhythmias, our data suggest that they are due to increased automaticity; however, a re-entrant mechanism cannot be excluded. As emphasized by Scherlag et al.'0 and observed in our studies these arrhythmias can be exposed by sinus slowing (mechanical disruption of sinus node, vagally induced sinus arrest, etc.) and abolished by overdrive pacing (supraventricular or ventricular). In addition, we observed a warm-up phase in the ventricular tachycardia following overdrive suppression. These arrhythmias are readily suppressed by procaineamide24 as well as lidocaine25 as would be predicted for an automatic rhythm in contradistinction to a re-entrant arrhythmia. 26 Similarly, Wellens et al.,27 employing electrical stimulation of the heart to assess the mechanism of sustained ventricular tachycardia in man, studied 3 to 20 hours following the onset of acute myocardial infarction, concluded that this arrhythmia was due to increased automaticity rather than re-entry. 
